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Abstract

:

The present investigation was carried out to explore the biochemical changes and antioxidant variations, including non-enzymatic and enzymatic antioxidant variations, in the leaves of different varieties of date palm (Phoenix dactylifera L.) belonging to the early, mid-, and late-flowering categories in the United Arab Emirates. The changes in the protein and phenol concentration; the ascorbic acid, reduced glutathione, and α-tocopherol contents; and the activity of peroxidase and polyphenol oxidase were studied in the leaves during the preflowering, flowering, and postflowering stages of the date palms. Two varieties each from the early (Shaham, Khanezi), mid- (Barhee, Nabthasaif), and late- (Khasab, Fardh) flowering types were used in this study. The protein content in the leaves was higher in the early flowering varieties during the preflowering stage but lower in the other two varieties. The phenol content showed an opposite trend to the protein. There was significant variation in the ascorbic acid content and a reduction in glutathione and α-tocopherol between the leaves of different varieties. Similarly, the activity of the antioxidant enzyme ascorbate peroxidase in the leaves was higher during the preflowering stage in all varieties. The superoxide dismutase (SOD), polyphenol oxidase (PPO), and catalase (CAT) activity was highest in the Bharhee leaves for all the stages. The peroxidase activity (POD) was highest in the Fardh variety of date palm, whereas the Khanezi variety exhibited the lowest activity. This study can be used as a baseline for developing more protocols for understanding the possible roles of biochemicals, antioxidants, antioxidant enzymes, and their interactions in the regulation of flower development in different date palm varieties.
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1. Introduction


Date palm (Phoenix dactylifera) is mainly cultivated in arid regions, but temperature and photoperiod are important physical parameters causing this tree to initiate flowering. Flowering in this tree is initiated after a temperature fall, and the type of cold period required varies between different varieties [1]. The plant’s blooming is greatly influenced by seasonal changes in environmental factors such as temperature, and a long summer season and a mild winter are required for successful date fruit production [2]. There have been several studies about the flowering- and fruiting-habit changes in date trees [3,4], which are mainly attributed to the antioxidant characteristics of date fruit [5], including the antioxidant capacity, antioxidant compounds, antioxidant enzyme activities in date cultivars during development and ripening [6]. There have also been some recent reports about spontaneous hermaphrodism in female date palms [7]. Enzymatic antioxidant and non-enzymatic antioxidant variations provide an insight into the plausible roles of antioxidants and the activities of antioxidant enzymes in the regulation of flower development in date palm varieties [8].



There are three distinct types of date palm in the UAE: early-, mid-late-, and late-flowering palms [9]. For these three different date palm genotypes, knowledge of the exact physiological/biochemical process of flower induction would be highly beneficial to the production of early-bearing varieties of date palm in the future, which could fetch a very high price in the market by producing fruits early in the season. Investigations into the molecular biology of the flowering process could be supported by the findings of our research. The different physiological factors that influence the flowering behavior of date palm varieties should be explored in order to begin the process of revealing the flower-induction mechanism, as was recently explained in the case of Anemone plants [10]. It is very important to comprehend the character of the enzymes involved in the flower-induction process in date palms, along with the relevant physiological processes.



Although research has been conducted on the cultivation, production, physiology, and stress tolerance of date palms, there have been no validated reports on the basal mechanism underlying the physiology and/or the flowering behavior of date palms. It is postulated that the antioxidants and hormonal metabolism related to flowering in date palms are enhanced by the activities of peroxidase and polyphenol oxidase, as has been explained in the cases of other plants [11,12]. Studies have even revealed a polyphenol oxidase homolog that is responsible for flower coloration in plants [13]. Moreover, Chin et al. [14] reported an acceleration in flowering in the orchid plant Oncidium after the antioxidant status changed, which further proves the role of antioxidants in the flowering of plants. Generally, the transition to flowering is correlated with peroxidase and polyphenol oxidase. Aslmoshtaghi and Shahsavar [15] reported on the biochemical changes involved in olive flower development. It has been stated that the polyphenol oxidase enzyme activity is proportional to the metabolic processes such as vegetative growth and differentiation in plants [16]. In an earlier study, we reported on the variation of antioxidant status in relation to early-, mid-late-, and late-flowering varieties of date palm from the United Arab Emirates [8]. The analysis of the biochemicals and isoenzyme status connected with flowering in early-, mid-late-, and late-flowering varieties of date palm is a useful tool by which to understand the underlying mechanisms. The expected outcome of this experiment was to identify the different physiological factors related to the flowering behavior of date palm varieties, which in turn would be highly significant for the production of early-bearing varieties of date palm in the future. The objectives of this study were to assess the biochemical changes, non-enzymatic antioxidants, and enzymatic antioxidant activities in six date palm varieties in the United Arab Emirates—namely, Shaham and Khanezi (early flowering), Barhee and Nabthasaif (mid-late-flowering), and Khasab and Fardh (late-flowering) in order to identify the different possible physiological factors responsible for flowering.




2. Results


2.1. Biochemical Contents


The total protein content was high in the early-flowering varieties in the preflowering stage (0.159 and 0.16 mg/g DW, respectively, in Shaham and Khanezi). It gradually decreased in the flowering stage, and then started to rise again in the postflowering stage (Figure 1). In the mid-late- and late-flowering varieties, the protein concentration was low in the preflowering stage. The phenol contents were high during the postflowering stages in all the varieties of date palm (Figure 2). There was an increasing trend of phenol concentration from the preflowering stage to the flowering and postflowering stages. In the mid-late-flowering variety Barhee, there was no significant change in the phenol contents between the flowering periods.




2.2. Non-Enzymatic Antioxidants


In all the varieties we studied, the ascorbic acid content was lowest during the preflowering stage. However, the content increased considerably during the flowering stage. There was only a marginal increase in the postflowering period in all the varieties we tested. Among the varieties we studied, the ascorbic acid content was highest in the postflowering stage of Nabthasaif (2.397 mg/g DW), which is a mid-late-flowering variety, and lowest in the preflowering stage of Shaham (1.856 mg/g DW), which is an early-flowering type of date palm. In the flowering phase, the highest ascorbic acid content was recorded in the Khanezi variety (2.262 mg/g DW) and the lowest was recorded in the Fardh variety (2.01 mg/g DW) (Figure 3).



The concentration of α-tocopherol was high during the flowering period in all six varieties of date palm. However, the content diminished in the postflowering stage, and in the preflowering stage the content was lowest, with the exception of the Shaham variety, which showed the opposite trend. The highest content of α-tocopherol was recorded in the flowering stage of Nabthasaif (1.196 mg/g DW) and the lowest was recorded in the preflowering stage of Nabthasaif (0.838 mg/g DW), which is a mid-late-flowering variety (Figure 4). The content of reduced glutathione showed an increasing trend in the flowering stages of all varieties, but the content was significantly lower in the other two stages of flowering—viz., the preflowering and postflowering stages. The highest reduced glutathione content was recorded in the flowering stage of Khanezi (1.152 mg/g DW), which is an early-flowering variety, and the lowest was recorded in the postflowering stage of Shaham (0.592 mg/g DW) (Figure 5).




2.3. Antioxidant Enzymes


The ascorbate peroxidase activity (APX) was significantly higher in the preflowering stage in all varieties except Nabthasaif. The highest activity was noted in the Barhee variety (1.19 U mg/protein) and the lowest in the Nabthasaif variety (0.659 U mg/protein). The flowering and postflowering stages showed very low activity compared to the preflowering stage (Table 1).



The superoxide dismutase (SOD) activity was highest in the postflowering stage of Barhee (0.597 U/mg protein) and lowest in Fardh (0.295 U mg/protein). Nevertheless, the changes were not significant in any of the varieties between the different flowering seasons (Table 2).



In all the varieties, the catalase (CAT) activity was high during the flowering season. However, the values decreased slightly during the postflowering period, and reduced further still in the preflowering stage. The maximum value was 1.249 U mg/protein in the postflowering stage of the Barhee variety, and the lowest value was in the preflowering stage of the Fardh variety (0.813 U mg/protein) (Figure 6). In all the studied varieties, the preflowering stage showed the lowest values.



The polyphenol oxidase (PPO) activity was not significantly altered between the different stages of flowering, except in the Nabthasaif variety, which is a mid-flowering type of palm. A slight increase during the flowering stage was noted, but a decrease during the postflowering and preflowering stages was clear. The highest value of PPO activity was found in Barhee in the flowering stage (0.584 U mg/protein) (Figure 7).



The peroxidase (POD) activity showed an increasing trend during the flowering stage of the date palm but a decreasing pattern during the preflowering and postflowering stages. The highest values of POD activity were found in the Fardh variety in the flowering stage (0.527 U mg/protein) (Figure 8).





3. Discussion


The present investigation was conducted in order to characterize the status of the biochemical content, non-enzymatic antioxidant contents, and enzymatic antioxidant activity in six date palm varieties in the United Arab Emirates. From the results, it was clear that the protein content was high in the early flowering varieties during the preflowering period, which could be attributed to early flowering in these plants. This result was in agreement with reports of the protein involvement in flowering initiation in other plants [17]. Notaguchi et al. [18] explained that proteins such as the FT protein molecules in Arabidopsis are critical mobile signals that promote flowering in all varieties, irrespective of the seasons or flowering development. However, the highest contents were noticed in the flowering and postflowering stages in the mid-late- and late-flowering varieties. DuPont and Altenbach [19] reported on the various biochemical factors, including proteins, which influenced grain production in rice. The transition from the vegetative stage to the flowering stage is one of the most important phases in a plant’s life and is triggered by changes in many of the plant’s biochemicals [20].



The phenol content was lower during the preflowering and flower-induction stages but higher during the postflowering stage in all the varieties of date palm. The presence of a high amount of phenol may delay flowering and, subsequently, its reduction may induce flowering in plants [21]. This might be due to the presence of phenols in the cytoplasm of leaf cells inhibiting the biosynthesis or transportation of a flowering hormone [22]. Keller and Hrazdina [23] reported an increase in phenol during the postflowering stage of grapes and throughout ripening. Del Baño et al. [24] reported on the role of phenolic diterpenes during the development of plant organs, specifically in the flowers of Rosmarinus officinalis.



Seminario et al. [25] observed an increase in the ascorbic acid content of soybean plants under oxidative pressure. The ascorbic acid content of maize showed variation under abiotic stress, suggesting that it played a significant role in the oxidative stress response [26]. In this study, there was an obvious reduction in ascorbic acid in the preflowering stage. Seasonal effects on the ascorbic acid contents of plants in general [27] have been reported on previously. There was a transient rise in the ascorbic acid content which could be seen in the flowering and postflowering stages in all the varieties. Studies suggest that the total endogenous level of AA positively influences the induction of flowering and the accompanying senescence. Both processes require the coordinated regulation of gene expression, which is mediated by various phytohormones such as gibberellins and salicylic acid. It is an established fact that AA acts as a cofactor for the synthesis of GA, which influences the flowering process. Thus, it can be surmised that AA influences phytohormone-mediated signaling during the transition to the flowering phase and during the senescent phase, which explains the rise in AA according to our observations.



The strong antioxidant α-tocopherol induces tolerance to stress [28]. It acts as an antioxidant, preventing free radical peroxidation and injury to cell membranes. Normally, many metabolic alterations take place during flower-bud formation and opening and secondary metabolites due to well defined sequences such as cell division, cellular differentiation, membrane permeability, and cell elongation [29]. The elevation in the α-tocopherol content can be seen to be correlated with the response of the photosynthetic tissues to a variety of abiotic stresses [30]. In the present study, the postflowering stage of the crop overlapped with the summer season, leading to high fluctuations in temperature to protect the plants from the oxidative stress. The elevated levels of α-tocopherol we recorded could be related to the crucial role it played in the inhibition of non-enzymatic lipid peroxidation during the possible stress conditions of the low temperature observed at the flowering stage of the date palms and the high temperature observed at the postflowering stage, coinciding with the onset of summer and resulting in thermal stress.



GSH is a major cell protectant that can directly catch ROS, other oxygen-centered free radicals, and radical centers on DNA or other molecules [31]. In line with the above findings, our results showed depleted GSH levels in the preflowering stage, while in the flowering season the levels were found to be higher than those of other studied varieties. The GSH biosynthesis rate increased due to the stress-inducible activation of glutamylcysteine synthetase at the post-transcriptional level [32], which may have enhanced the stress-associated promotion of flowering. Hence, this finding may benefit the date palm cultivation industry, since flowering is induced only during low-temperature months. Chilling stress is known to cause oxidative stress and to induce changes in the GSH content of plants [33]. This was observed in our study, where noticeable changes in the content of GSH occurred in all the three varieties after chilling treatment lowered the GSH levels and promoted flowering.



Stresses commonly lead to the overproduction of reactive oxygen species (ROS) in plant cells, such as superoxide radicals (O2−), H2O2, and hydroxyl radicals (HO) [34]. Different mechanisms participate in ROS detoxification, and drought results in a significant increase in superoxide dismutase activity [35]. During the flowering and postflowering stages, palms are under stress from the winter and summer seasons, respectively, which might influence their antioxidant metabolism.



There are many reports showing an increase in the activity of APX in plants under many different stress conditions [36]. Hence, a plausible explanation is that the upturns in catalase activity at these stages could have resulted from the accumulation of H2O2 due to a higher rate of respiration, which in turn might have resulted from the low temperature that is dominant during the flowering season [37]. Superoxide dismutase is the most predominant enzymatic antioxidant found in plant cells [38]. It is a natural scavenger of reactive oxygen species and superoxide radicals and achieves this by combining with active oxygen-free radicals (specifically, superoxide ions) in order to prevent the lipid peroxidation of the cell membrane and damage to the formation of metabolites [39].



The combined impact of both antioxidant enzymes (CAT and SOD) is to convert poisonous superoxide radicals (O2) and H2O2 to water and oxygen (O2), and, in this manner, to preserve the cells during dry seasons [40]. Likewise, the elevation in SOD activity in the shoots of date palms may be due to their radical scavenging ability. Changes in the activity of antioxidant compounds are signs of plant adaptation to stress conditions [41]. The CAT enzyme showed a significantly high level of activity in the genotype at all intervals and reached its maximum activity level at a moderate level of drought stress [42]. Abassi et al. [42] reported that manganese deficiency was associated with a burst of catalase activity during bud development, which peaked during the fruiting stage of apples, contrary to the results obtained from the mid-flowering variety of date palm used in this study.



The elevation in CAT activity may be valuable for disproportioning H2O2, which is key to diminishing senescence under extreme environmental stress conditions [43]. In the peroxisome, the CAT plays a fundamental role in the evacuation of poisonous H2O2, which is continuously formed during photorespiration by the dismutation of the superoxide radicals generated in the NADH subordinate electron transport system of the peroxisomal layer [44]. The results we obtained for early- and late-flowering date palm varieties were in line with those of Abassi et al. [42], as there was a significant increase in CAT activity in the early-flowering variety at all the three stages, except the late-flowering stage.



During the flowering season, there was no significant difference in PPO activity among all the varieties. However, the POD activity showed a significant increase in all varieties except Shaham. This high POD activity could be a sign that the cold temperature at the preflowering stage caused cold stress, resulting in the production of more reactive oxygen species. POD activity is considered necessary for the oxidation of auxin (IAA) [45], and it has proven necessary for IAA oxidase activity [46]. This has been seen in many plant species. If the POD activity was higher during the preflowering stage, it would exhaust the high IAA necessary for flower induction, so it is sensible to diminish POD activity at first [47]. POD has been shown to perform a function in cell growth and expansion and the synthesis of lignin and suberin [48].




4. Materials and Methods


The experimental trees were located and marked separately from others at the Al-Foah Research Station of the College of Agriculture and Veterinary Medicine (270° N, 220° S latitude; 510° W, 570° E longitude), UAEU, in Al Ain city, 160 km east from Abu Dhabi, the capital city of the United Arab Emirates. The enzymatic studies and antioxidant content measurements were carried out in three different phases of growth and development—namely, the preflowering, flowering, and postflowering periods. Two varieties from each of the three categories were selected. In each individual variety, three plants were located and marked for analysis. The index leaves were identified in each tree and the leaflets were collected at each stage of flowering for sampling. Samples were collected during the preflowering, flowering, and postflowering stages from these trees. Normal date palm cultivation practices and agriculture procedures were carried out for all the plants under study. The varieties used for the study are given below:




	(i)

	
Early season—Shaham (ESh) and Khanezi (EKn);




	(ii)

	
Mid-late season—Barhee (MBr) and Nabthasaif (MNb);




	(iii)

	
Late season—Khasab (LKh) and Fardh (LFr).









4.1. Biochemical Analysis


Protein content was estimated following the standard method [49] and the results were expressed in milligrams per gram of dry weight. The total amount of phenol was estimated by the method of Singleton and Rossi, [50] using gallic acid as the standard.




4.2. Non-Enzymatic Antioxidants


Ascorbic acid content was measured as described by Omaye et al. [51] and was expressed in milligrams per gram of dry weight. The α-tocopherol content was measured as described by Baker et al. [52] and calculated using a standard graph made with a known amount of α-tocopherol. Reduced glutathione content was measured as described by Griffith [53].




4.3. Antioxidant Enzymes


Ascorbate peroxidase (APX, EC: 1.11.1.11) was extracted and its activity level was estimated according to the method of Asada and Takahashi [54]. The extraction of superoxide dismutase (SOD, EC: 1.15.1.1) was carried out using the method of Hwang et al. [55], and its activity was measured as described by Beauchamp and Fridovich [56]. One unit is defined as the amount of change in the absorbance by 0.1 per hour per milligram of protein under the test conditions [57]. The activity of catalase (CAT, EC: 1.11.1.6) was measured as described by Chandlee and Scandalios [58]. Peroxidase (POX, EC 1.11.1.7) was measured by the method described earlier [59]. The activity was expressed in the unit mg−1 protein and one unit was defined as the change in the absorbance by 0.1 min−1 mg−1 protein. The polyphenol oxidase (PPO, EC 1.10.3.1) activity was measured according to the standard method [59]. Similarly to peroxidase, a change in 0.1 absorbance/minute/mg of protein constitutes one unit. For all the enzymatic calculations, the protein content was estimated via the method described in [49], utilizing bovine serum albumin (BSA, Sigma, USA) as the standard.




4.4. Statistical Analysis


Statistical analysis was carried out using SPSS 16.0, for all the analyzed parameters. Statistical analysis was performed using one-way analysis of variance (ANOVA), followed by Duncan’s Multiple Range Test (DMRT). The values given are the mean ± SD of six samples for each group. Any p values ≤ 0.05 were considered as significant.





5. Conclusions


This study provides an insight into the possible roles of biochemicals and antioxidant enzyme activity in the regulation of flower development in date palm varieties. This study explains the possible mechanism behind the early, mid-, and late-flowering patterns of date palm trees. The molecular aspects need to be studied using transcriptomic analysis to understand the upregulation and downregulation patterns of genes in the expression of flowering, and gene analysis needs to be carried out to clearly understand the mechanisms involved in flowering pathways. The present study helps to elucidate the gene expression associated with certain metabolic pathways specific to flowering. In addition, the varietal relations in terms of genetic polymorphism need to be explored in order to gain a further understanding of this phenomenon. Therefore, further studies need to be conducted to validate our conclusions.
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Figure 1. Variations in soluble protein content in date palm (Phoenix dactylifera) varieties during different flowering stages. Values are given as the mean ± SD of six experiments for each group. Values that do not share a common superscript (a–c) differ significantly, with p ≤ 0.05 (DMRT). 
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Figure 2. Variations in total phenol content in date palm (Phoenix dactylifera) varieties during different flowering stages. Values are given as the mean ± SD of six experiments for each group. Values that do not share a common superscript (a–c) differ significantly, with p ≤ 0.05 (DMRT). 
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Figure 3. Variations in ascorbic acid content in date palm (Phoenix dactylifera) varieties during different flowering stages. Values are given as the mean ± SD of six experiments for each group. Values that do not sharing a common superscript (a–c) differ significantly, with p ≤ 0.05 (DMRT). 
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Figure 4. Variations in α-tocopherol content in date palm (Phoenix dactylifera) varieties during different flowering stages. Values are given as the mean ± SD of six experiments for each group. Values that do not share a common superscript (a–c) differ significantly, with p ≤ 0.05 (DMRT). 
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Figure 5. Variations in reduced glutathione (GSH) content in date palm (Phoenix dactylifera) varieties during different flowering stages. Values are given as the mean ± SD of six experiments for each group. Values that do not share a common superscript (a–c) differ significantly, with p ≤ 0.05 (DMRT). 
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Figure 6. Catalase (CAT) activity in date palm (Phoenix dactylifera) varieties during different flowering stages. Values are given as the mean ± SD of six experiments for each group. Values that do not share a common superscript (a–c) differ significantly, with p ≤ 0.05 (DMRT). 
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Figure 7. Polyphenol oxidase (PPO) activity in date palm (Phoenix dactylifera) varieties during different flowering stages. Values are given as the mean ± SD of six experiments for each group. Values that do not share a common superscript (a–c) differ significantly, with p ≤ 0.05 (DMRT). 
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Figure 8. Peroxidase (POD) activity in date palm (Phoenix dactylifera) varieties during different flowering stages. Values are given as the mean ± SD of six experiments for each group. Values that do not sharing a common superscript (a–c) differ significantly, with p ≤ 0.05 (DMRT). 
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Table 1. Ascorbate peroxidase (APX) activity in date palm (Phoenix dactylifera) varieties during different flowering stages.
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S. No

	
Variety Name

	
Category

	
Flowering Stages




	
Preflowering

	
Flowering

	
Post Flowering






	
1

	
Shaham

	
Early Flowering

	
1.146 ± 0.070 a

	
0.768 ± 0.033 b

	
0.794 ± 0.042 b




	
2

	
Khanezi

	
Early Flowering

	
1.028 ± 0.097 a

	
0.842 ± 0.026 b

	
0.985 ± 0.038 b




	
3

	
Bharhee

	
Mid-late Flowering

	
1.190 ± 0.031 a

	
0.990 ± 0.040 b

	
1.000 ± 0.023 b




	
4

	
Nabthasaif

	
Mid-late Flowering

	
0.832 ± 0.039 a

	
0.797 ± 0.028 a

	
0.659 ± 0.063 c




	
5

	
Khasab

	
Late Flowering

	
1.040 ± 0.074 a

	
0.796 ± 0.024 b

	
1.033 ± 0.050 a




	
6

	
Fardh

	
Late Flowering

	
0.935 ± 0.040 a

	
0.842 ± 0.064 b

	
0.802 ± 0.022 b








Values are given as the mean ± SD of six experiments for each group. Values that do not share a common superscript (a–c) differ significantly, with p ≤ 0.05 (DMRT).
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Table 2. Superoxide dismutase (SOD) activity in date palm (Phoenix dactylifera) varieties during different flowering stages.
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S. No

	
Variety Name

	
Category

	
Flowering Stages




	
Preflowering

	
Flowering

	
Post Flowering






	
1

	
Shaham

	
Early Flowering

	
0.429 ± 0.037 a

	
0.371 ± 0.019 b

	
0.300 ± 0.026 c




	
2

	
Khanezi

	
Early Flowering

	
0.391 ± 0.024 a

	
0.247 ± 0.017 b

	
0.302 ± 0.018 c




	
3

	
Bharhee

	
Mid-late Flowering

	
0.502 ± 0.006 a

	
0.540 ± 0.026 b

	
0.597 ± 0.015 c




	
4

	
Nabthasaif

	
Mid-late Flowering

	
0.333 ± 0.027 a

	
0.388 ± 0.032 b

	
0.407 ± 0.026 c




	
5

	
Khasab

	
Late Flowering

	
0.338 ± 0.027 a

	
0.311 ± 0.020 a

	
0.305 ± 0.044 a




	
6

	
Fardh

	
Late Flowering

	
0.313 ± 0.022 a

	
0.303 ± 0.044 b

	
0.295 ± 0.020 b








Values are given as the mean ± SD of six experiments for each group. Values that do not share a common superscript (a–c) differ significantly, with p ≤ 0.05 (DMRT).
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